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Abstract
During this project we have tested and characterized a new cryogenic
STM (Scanning Tunneling Microscope) with a uniquely designed coarse
XY stage. We have used this STM the perform STM break junction
experiments on both clean gold samples and samples covered by OPE-3
molecules. In the results for the clean gold samples we retrieve the
characteristic and well known features of single atom gold wires. For the
results of the samples covered by molecules we see faint traces of the
molecules in the conductance histogram, although they are not as clear as
compared to results in literature. Cryogenic experiments using this STM
have proven to be difficult and only partially successful.
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Chapter1
Introduction
In 1974 Aviram and Ratner[1] proposed their construction of a single or-
ganic molecule possessing the properties of a rectifier. Other molecules
exhibiting the properties of modern day electronics, like switches, diodes
and transistors soon followed. These proposals sparked huge fundamen-
tal and commercial interest in these molecules and their applications. This
was the birth of the molecular electronics research field, which focuses
on exploiting the unique properties of molecules and embedding them in
electrical circuits and devices. The emergence of this new research field
prompted the need for ways to contact single molecules, which is neces-
sary in order to characterize the electrical properties of organic molecules.
This was more than 40 years ago. Nowadays measuring the electrical
properties of molecules can be done with relative ease. The development
of the mechanically controllable break junction (MCBJ), the atomic force
microscope (AFM), the Scanning Tunneling Microscope (STM) and more
recently the molecular networks has made it possible to measure molecule
properties reproducibly and reliably.
The MCBJ is a technique with which one can break a conducting wire
extremely precisely[2]. This will create a pair of atomically sharp elec-
trodes which can form junctions of the size of molecules, allowing for a
molecule to bind to both electrodes. This technique has as biggest ad-
vantages its extremely high stability at low temperatures and tunable gap
size. However its drawback is that one has to rely solely on conductance
measurements to prove that it is a molecule that is being measured.
An AFM can also be used to contact single molecules. For this one uses
the AFM’s tip, which has to be conductive for this purpose, and the sub-
strate (also conductive) containing the molecules as electrodes. In prin-
ciple this allows imaging of the molecules, making it easier to prove a
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molecule is being measured. However, when trying to contact a relatively
small molecule, the large tip radius (order of a few tens of nanometers)
can prove to be an issue[3]. This is due to the conductive coating applied
to the AFM tip.
Figure 1.1: Top: a
gold nanoparticle array
covered in alkanethiols.
Bottom: the same gold
nanoparticle array, but
some alkanethiols have
been exchanged for
molecules (red). Picture
adapted from Ref [4].
Another way of contacting molecules1 is to
form networks of them, which is what one does
with the more recently developed molecular net-
works technique. For this alkanethiol capped gold
nanoparticles are self-assembled into nanoparticle
arrays. The alkanethiols form an insulating gap
between the gold nanoparticles. These alkanethi-
ols can be exchanged for the organic molecules.
This way one creates a network of gold nanoparti-
cles interconnected by organic molecules, see Fig-
ure 1.1. The power of this technique is that it
allows averaging over hundreds of thousands of
molecules in one single measurement. However
making these networks is very time consuming
and difficult. Also it is quite hard to tune the gap
in between the gold nanoparticles[5].
The last method to contact single molecules is
the Scanning Tunneling Microscope break junc-
tion (STM-BJ). Basically this method uses an STM
to image the surface of a substrate covered in
molecules. In principle this will allow the local-
ization of the molecules, since an STM is able to
generate atomically resolved images. The STM tip
and substrate can be used as electrodes for break
junction measurements.
The STM-BJ technique is what will be the fo-
cus of this thesis. We will discuss our efforts in
contacting single molecules using an STM at low
temperatures. For this we used a newly designed
STM, which provides a unique2 coarse XY stage.
This coarse XY stage can be used to move rela-
tively large distances over the sample, which will
allow a much larger region of the sample to be examined compared to a
1Contacting single molecules is not possible with this technique. It is mainly used for
determining electrical properties of molecules.
2Unique in the sense that its design and functionality is different compared to regular
XY stages, as will be explained later.
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The first part of this thesis will focus on the design and characterization
of the STM used. Following this we will describe the STM-BJ technique
in detail and present our room temperature results using this technique.
Finally, we will talk about low temperature experiments using this STM.
9

Chapter2
Scanning Tunneling Microscopy
In this chapter we will start with describing the basic operation of an STM.
Next we introduce the used STM and its coarse XY stage. To close off
this chapter we present images of surfaces which indicate that the newly
designed coarse XY stage works.
2.1 The basics of STM
V
e-
Figure 2.1: A metallic tip (blue) is
put closely to a conducting surface
(yellow). A bias voltage is applied
between tip and sample, making a
current flow from tip to sample.
The main application of a scanning
tunneling microscope (STM) is to im-
age surfaces up to the atomic level.
The basic operational principle is de-
picted in Figure 2.1. A metallic probe
(tip) is brought very close to the metal-
lic (or semiconducting) surface of the
sample. If a bias voltage between tip
and sample is applied and their rel-
ative distance is small enough (about
1nm or less) a tunneling current can
flow between them. This tunneling
current is exponentially related to the
distance between tip and sample. By
changing the position of the tip in the
plane parallel to the sample, a change
in tunneling current can appear. This
is the basic principle used to make im-
ages of a surface using an STM.
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Figure 2.2: Energy level scheme for electrons tunneling from sample to tip.
We mentioned that the tunneling current flowing from tip to sample
has an exponential dependence on the relative distance between them
when a bias voltage is applied. Let us briefly explore why this is the case.
From basic quantum mechanics we know that for a rectangular tunnel
barrier between tip and sample the wave function of the electron decays
exponentially[6]:
Ψ(d) = Ψ(0)e−κd, κ =
√
2m(Φ− E)
h¯
(2.1)
where E is the energy of the electron, Ψ its wave function, m its mass, d
the distance between tip and sample, Φ the potential of the barrier and h¯
Planck’s reduced constant. The probability that an electron tunnels from
tip to sample is given by:
P(d) = |Ψ(d)|2 = |Ψ(0)|2e−2κd (2.2)
The square barrier does not take the applied bias voltage into account (see
Figure 2.2 for a drawing of the energy scheme). For small bias voltages,
we can approximate the barrier height by the average workfunction of tip
and sample:
Φ =
1
2
(Φtip +Φsample) (2.3)
The current through the barrier is proportional to the probability an elec-
trons crosses the barrier summed over all the electrons with an energy
12
2.1 The basics of STM 13
lying within the bias window:
I ∝
EF
∑
EF−eV
|Ψ(0)|2e−2κd (2.4)
where EF is the Fermi energy. Now we can use the definition of the local
density of states1:
ρ(z, E) ≡ 1
eV
E
∑
E−eV
|Ψ(z)|2 (2.5)
to express the tunneling current in terms of bias voltage, local density of
states and workfunction:
I ∝ Vρ(0, EF)e−2d
√
2m(Φ−E)
h¯ (2.6)
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Figure 2.3: Constant current (left) and constant height (right) scanning routines.
For the constant height routine the tip is unable to move in the z direction, in-
creasing the chances of tip crashes. The constant current routine is safer, due to
feedback keeping the tunnel current constant.
1This definition is only valid for eV > 0.
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Figure 2.4:
Abstract rep-
resentation
of stick-slip
motion of the
z piezo’s.
Now lets take a closer look at the operations of an STM.
An STM is supposed to be able to produce atomically re-
solved images. Atoms are usually the size of about one
to two A˚ngstro¨m or even less2, therefore we require tip
and sample to be able to move precisely on at least the
same scale. For this piezo-electric elements are generally
used. A typical piezo element is made of a crystalline ma-
terial with a polarity that depends on both the electric field
(ferroelectric) and temperature (pyroelectric). Therefore a
piezo-electric element deforms when a voltage is applied to
it. This deformation can be tuned to allow sub-nanometer
precision movement used for scanning. There are two dif-
ferent scanning modes: constant height and constant cur-
rent mode (see Figure 2.3).
For constant height mode the tip is kept at its origi-
nal tunneling height during scanning. Therefore no active
feedback is required, making it a very fast scanning rou-
tine. Its drawback is that once an obstacle on the sample
is larger than the original distance between tip and sam-
ple, the tip will crash on this object and thereby possibly
deforming and damaging both surface and tip.
Constant current mode requires an active feedback.
The feedback is a combination of software and electron-
ics which is used to keep the tip at a height for which the
current is equal to a set point value. This greatly reduces
the chances of crashing into the sample during scanning,
however it makes the scanning sequence slower. All scans
obtained for this project used the constant current mode.
During scanning the sample is moved in the plane per-
pendicular to the tip’s movement, the XY-plane. The maxi-
mum area the tip is able to scan is determined by the range
of the X and Y piezo’s. The scan area is divided into a raster
of N∗N pixels. For every scan two images can be recorded:
a trace and a retrace image. For the trace the tip moves in
the positive X direction until it reaches the end of the first
line of the raster. For the retrace it moves in the negative X
direction, thus backwards. Then it moves one pixel down
in the Y direction and starts the same cycle again.
So far we have assumed the tip to be in tunneling condition, which is
2For example a gold atom has a van der Waals radius of 166pm[7]
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about one nanometer above the surface of the sample. When mounting tip
and sample their relative distance is usually a few centimeters.
To bring the tip close to the surface we use the same piezo elements as
for the Z scanning. However, since the maximum displacement is bound
by the maximum applied (and allowed) voltage on the piezo’s and the
specific material properties of the piezo’s, we cannot use the standard de-
formation of the piezo’s for this purpose. To move the tip more than the
piezo’s maximal extension range (typically a few micron at room temper-
ature) we can use the stick-slip procedure, which is depicted in Figure 2.4.
The piezo is pressed against the tip holder(a). A voltage is slowly applied
to the piezo (green), causing it to deform and the tip (blue) to move with
it (b). The applied voltage is decreased very fast and the piezo retracts
rapidly and thereby slips against the tip holder(c). This movement causes
the tip to move forward and can be repeated many times, increasing the
movement range of the tip significantly.
The stick-slip movement relies on the difference between the dynamic
and static friction coefficients. During the fast voltage decrease the static
friction coefficient is overcome by the dynamic friction coefficient, mak-
ing the tip slip over the piezo element. When the motion stops the static
friction coefficient is larger again.
15
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Figure 2.5: Voltage pulses applied to the z-piezo’s during a coarse approach cycle.
The slow probe pulse is followed by a user-defined amount of stick-slip pulses.
Throughout the probing cycle the tunnel current is measured. The stick-slip am-
plitude is smaller than the probing amplitude to make sure the coarse steps (am-
plitude of 70V at room temperature) are smaller than the probing range (225V) of
the tip. This prevents tip crashes. The probing time typically is about 300ms, the
stick-slip time typically is less than 1ms.
To make sure the tip does not crash into the sample we implement a
probing cycle between the stick-slip cycles. For this we apply an increasing
voltage on the Z piezo’s, until the maximum allowed voltage is reached.
Throughout the probing cycle we continuously measure the tunneling cur-
rent. If the tunneling current set-point is measured, the tip has arrived at
the sample and can be kept in tunneling condition by an active feedback
loop. If no tunnel current is found, the voltage is decreased again. This last
voltage decrease needs to be relatively slow to avoid stick-slip motion. A
part of the coarse approach cycle can be found in Figure 2.5.
2.2 The STM
Now that we have covered the basic operations of an STM, let us describe
the used STM in more details. The design schematic of our STM can be
found in Figure 2.6. The STM mainly consists of three elements: the Z
stage, the XY stage and the body/housing of the STM.
The Z stage functions as presented in Section 2.1. A stick-slip routine
can be used for a coarse approach, bringing tip and sample together close
16
2.2 The STM 17
Figure 2.6: 3D render of the STM assembly.
enough for a tunneling current to flow between them. The Z stage uses a
Pan-type motor with six piezo elements[8]. A leaf spring is used to apply a
normal force on the Z stage, making it possible to adjust the friction forces
that play an important role during stick-slip. It also allows the normal
force to be relatively constant when the STM is cooled down to 4K. The
Z-stage used for coarse approach is used as well for scanning[8], then the
Z-motion is controlled by the feedback system in constant current mode.
The XY part consists of a similar design. The XY stage has piezo el-
ements that have a part which can shear (deform) in the X direction and
a part which can shear in the Y direction. Therefore X and Y are not me-
chanically separated. However separating them would require two (one
for X and one for Y) stacks of identical motors, which will lower the res-
onance frequency of the STM and therefore increase the susceptibility to
vibrations[8]. Just as the Z stage, the XY stage has a spring (this time a reg-
ular coil spring) to exert a force on it. This force can be adjusted to change
the normal load on the piezo’s.
Using the stick-slip routine we can move the Z part of the STM further
than the maximal range of the piezo’s. Since the Z stage and XY stage
share a similar design, we can use the same stick-slip movement to per-
form coarse steps in the X or Y direction. The coarse movement in the XY
17
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plane is valuable in STM since it makes it possible to move to a different
spot on the sample. A unique feature of this STM is that, just like with
the Z stage, the XY coarse stage also takes care of the XY fine motion for
scanning.
The design of this STM was developed in the group of Jan van Ruiten-
beek to minimize the number of wires and to build a very compact cryo-
genic STM. For a detailed report of the design and fabrication of this STM
we would like to refer to Ref [8].
2.3 Coarse XY stage movement
Using the STM we scanned gold on mica samples at room temperature.
The samples are bought from Phasis3. The samples are treated with a
quick flame annealing procedure before scanning (see Appendix B.1 for
the details). The STM tips we use are made of etched platinum-iridium
(Pt90Ir10) and bought from Unisoku.
Figure 2.7: STM scans of a gold on mica sample indicating that the coarse XY
stage moves at room temperature when high voltage pulses to the X piezo’s are
applied. The area on the left is the starting area. The area on the right has been
shifted by 148nm in the X direction and 28nm in the Y direction. The sequence
applied for this movement consists of 20 sawtooth pulses with a period of 200µs
and an amplitude of 100V in the X direction. This indicates that X and Y are not
mechanically separated (see Section 2.2).
3Product number 20020013, for more information see www.phasis.ch.
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For characterizing the movement of the coarse XY stage we moved the
stage with only the X or only the Y piezo’s in between scans. The scans
using only the X piezo’s can be found in Figure 2.7, the scans for the Y
piezo’s can be found in Figure 2.8. All scans cover an area of 1x1µm2 and
are taken with a linetime4 of 0.5s while constant current mode is active.
Therefore the total scanning time for one scan is about 5 minutes. The
drift of tip and sample in between scans is usually of the order of 1nm or
less.
In Section 2.2 we mentioned that X and Y are not mechanically sepa-
rated. It becomes clear from the scans that this is indeed the case. When
driving only the X piezo’s we see a large movement (148nm) in the X direc-
tion, but also a smaller movement in the Y direction (28nm). When driving
the Y piezo’s only we see a large movement in both directions: 190nm in
the X direction and 124nm in the Y direction.
Figure 2.8: STM scans of a gold on mica sample indicating that the coarse XY
stage moves at room temperature when high voltage pulses to the Y piezo’s are
applied. The area on the left is the starting area. The area on the right has been
shifted by 197nm in the X direction and 124nm in the Y direction. The sequence
applied for this movement consists of 2 sawtooth pulses with a period of 200µs
and an amplitude of 100V in the Y direction. This indicates that X and Y are not
mechanically separated (see Section 2.2).
Previous results obtained with this coarse XY stage[8] show a different
behavior. There the movement is more orthogonal, meaning that when
4The linetime is defined as the time it takes to do a full trace and retrace of one single
line in a scan.
19
20 Scanning Tunneling Microscopy
pulses in the Y direction are applied the XY stage moves mostly only in the
Y direction (and the same for the X direction). We have a few explanations
for this difference.
First, between the two measurements a few of the piezo’s of the XY
stage were damaged and repaired. This has left at least one of the piezo’s
electrodes shorted to the body of the STM5.
Second, in Section 2.2 we mentioned that a coil spring exerts a force
on the XY stage. Therefore, the load that the force exerts on the XY stage
influences the movement of the stage. In between these measurements
this STM has been cooled down to 4K many times. Since the extension
range of the piezo elements is reduced by approximately 5 times at such
low temperatures compared to room temperature due to the loss of piezo-
electric coefficient at cryogenic temperatures, we reduced the force on the
XY stage exerted by the spring. Since changing this is quite a tricky op-
eration, we did not change it back to its original value for experiments at
room temperature. Changing the force exerted by the coil spring will have
undoubtedly changed the movement of the XY stage.
Lastly, the piezo’s used in this STM are technically prototypes and they
are not rated for operation in cryogenic temperatures. However this STM
has been cooled down to 4K many times, even before this project started,
which might have influenced the behavior of the piezo’s.
5We have made a workaround for this to avoid having the housing on high voltage,
but this reduces the maximum stroke of the affected piezo by half.
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Single atom & molecular contacts
In this chapter we present our STM-BJ experiments. First we explain shortly
the conductance through single atom wires. Next, we present our method
for the STM-BJ experiments and show the results obtained for the sin-
gle atom wires. Last we present our data on STM-BJ experiments with
molecules bridging the tip and sample.
3.1 Conductance through metallic point contacts
Macroscopically the conductance through a metal wire is described by
the well known Ohm’s law. However, for single atom wires and single
molecule junctions this law is no longer applicable. Ohm’s law describes
the diffusive transport regime, which breaks down when the dimensions
of the conductor become comparable to the mean free path of the elec-
tron1. At room temperature the diffusive regime breaks down at a size
of about 40 nm for gold[9, 10]. A single gold atom has a radius of about
150pm, therefore electrons behave ballistically in single atom gold wires.
Let us briefly describe the conductance in the ballistic regime.
Consider two electron reservoirs with an energy difference eV con-
nected by a 1D ballistic wire in the Z direction (see Figure 3.1). The en-
ergy difference between the reservoirs can be expressed as the difference
in their respective chemical potential:
− eV = µSource − µDrain = ∆µ (3.1)
1The mean free path of an electron in a metal is mainly determined by the concentra-
tion of impurities in the conductor and the amount of thermal phonons and electrons.
These form the main scattering objects for electrons in a conductor[9].
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Source Drain
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Figure 3.1: Two reservoirs (Source & Drain) connected by a ballistic wire in the z
direction. The reservoirs have an energy difference eV with respect to each other.
The net particle current flowing from source to drain is given by the par-
ticle velocity times the density of states (in 1D) integrated over the differ-
ence in chemical potential:
Jnet = J(µSource)− J(µDrain) =
∫ µSource
µDrain
v(E)ρ1D(E)dE (3.2)
where v denotes the particle velocity and ρ1D the one dimensional density
of states. From basic quantum mechanics we know that in 1D the follow-
ing relations hold:
v(E) =
1
h¯
dE
dk
, ρ1D(E) =
1
pi
[
dE
dk
]−1
, v(E)ρ1D(E) =
2
h
(3.3)
where k is the particle wave vector, h denotes Planck’s constant and h¯ = h2pi
is Planck’s reduced constant. Combining equations 3.1, 3.2 and 3.3 gives:
Jnet =
∫ µSource
µDrain
2
h
dE =
2(µSource − µDrain)
h
=
2∆µ
h
= −2eV
h
(3.4)
The particles that make up the current are electrons, so the total charge
current is given by:
Inet = −eJnet = 2e
2V
h
, G =
Inet
V
=
2e2
h
(3.5)
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The electrons that make up the current from source to drain are con-
fined in the X and Y direction. This results in a finite set of conductance
channels (or transverse modes in the quantum mechanics language). Up
to now we have assumed that only one conductance channel is active and
that it has unitary transmission. This can be easily amended by introduc-
ing the transmission probability Tn and summing over all transmission
channels:
G =
2e2
h
N
∑
n
Tn = G0
N
∑
n
Tn (3.6)
where G0 = 2e
2
h ≈ 77.5µS is the conductance quantum. Equation 3.6 is
known as the Landauer-Bu¨ttiker formula[2].
Figure 3.2: Schematic representation of the atomic configurations during break-
ing of a metallic wire. The wire starts as a closed junction (left), is stretched until it
forms a quantum point contact (middle) and finally breaks into a nanogap. Figure
adapted from Ref [11].
This formula can be used to test our STM-BJ setup. Basically when
realizing break junctions a metallic wire is stretched until it breaks (see
Figure 3.2). During stretching the atoms in the junction will reconfigure
until they form a single atom wire (or quantum point contact).
The most known and simple break junctions one can realize are when
23
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both electrodes are made of gold. Gold is a monovalent metal, which
means only one conductance channel per atom is active. Moreover, the
transmission for every channel has a value close to one. This means that
when breaking a gold wire very slowly, one will see steps of about 1G0
every time one atom less contributes to the total conductance. In be-
tween these steps, where the atomic configuration of the junction does
not change considerably, are relatively constant plateaus close to integer
values of 1G0. This is illustrated in the inset of Figure 3.3[2].
Figure 3.3: Conductance histogram of break junctions done with a metal wire at
4.2K with a bias of 10mV. The inset shows a single conductance trace (right) and a
histogram for only this single trace (left). The total histogram is the combination
of all the single histograms of the traces. The histogram clearly shows the large
peaks close to integer conductance quanta. The peak at 0 represents the nanogap
configuration (see Figure 3.2). Figure taken from Ref [2].
The atomic configurations of the junction during breaking are not equal,
each configuration is unique. Therefore one cannot predict the configura-
tions that will show up in the conductance trace of a single atom wire. It
is however possible to find the configurations that are most probable. To
find these probable configurations one has to average over many conduc-
24
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tance traces. To highlight the most probable configuration a conductance
histogram is commonly used. For this the conductance is divided into
small finite intervals (bins). The number of data points that fall within
each bin for every trace are counted and summed for every trace. Plot-
ting these counts versus conductance produces a conductance histogram
which shows the most preferable conductance configurations. For a clear
illustration of such a histogram see Figure 3.3. This histogram is acquired
from breaking a gold wire thousands of times using the regular mechan-
ically controllable break junction technique at 4K. Peaks at position close
to integer conductance quanta are clearly visible.
3.2 STM Break junctions on gold
In the previous section we introduced conductance through single atom
wires and showed a histogram of break junctions of a gold wire. Since
these are the easiest break junctions experiments to do a comparison with,
we also performed gold-gold break junctions using our STM at room tem-
perature.
Figure 3.4: Vibration isolation setup
used for room temperature exper-
iments (courtesy of Tjerk Oost-
erkamp). A wooden box (brown) is
suspended from bungee ropes (blue)
attached to a metal frame (black).
High frequency vibrations will be
filtered by the bungee ropes. Foam
(beige) in the box will absorb any vi-
brations through air and thus pro-
vides the sound isolation. The STM
(orange) is placed in an isolated
metallic holder (green) that func-
tions as a Faraday cage. Picture
adapted from Ref [8]
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For these break junctions we used the same gold on mica samples of
which the STM scans can be seen in Section 2.3. The tip type is also the
same as the one used in Section 2.3. These tips are made of platinum-
iridium (Pt90Ir10), however after a few deep indentations in the sample
the tip apex will be completely covered in gold atoms, ensuring that a
gold-gold break junction is realized.
We will briefly go over the setup and procedure used for this exper-
iment, a full overview of all the electronics used for the STM-BJ experi-
ments can be found in Appendix A.1.
Since this experiment is done at room temperature, we expect thermal
drift of both tip and sample to influence their relative distance. We try
to keep the temperature gradients and also vibrations to a minimum by
placing the STM in an isolated environment (see Figure 3.4).
Figure 3.5: A single break junction trace obtained from breaking a gold wire
formed by tip and sample at a bias voltage of 100mV. The integer steps of nearly
1G0 and the plateaus close to integer values of G0 are clearly visible.
We use the RHK SPM100 controller for the coarse approach. The tip
is kept in tunneling by the internal feedback of the controller and will be
26
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allowed to stabilize for 5 minutes, since piezo creep2 is worst right af-
ter many high voltage pulses. Before the break junctions are initiated the
feedback is switched off. Then we initialize the break junction routine.
For the break junctions we use a National Instruments DAC programmed
with Python (see Appendix A.1 for details), which sends out sawtooth se-
quences to the z-piezo’s while simultaneously recording the tunneling cur-
rent flowing from tip to sample. The sawtooth wave causes the z-piezo’s
to expand or shrink, which moves the tip towards or away from the sam-
ple. The tip is moved towards the sample until the conductance reaches a
threshold value of 8G0. Then the tip will move backwards until the tip is
back in tunneling condition again.
During breaking of the atomic wire we obtain conductance traces (see
Figure 3.5) that show the characteristic plateaus close to integer conduc-
tance quanta3. Also the steps of about 1G0 are clearly visible. Comparing
Figure 3.5 to the inset of Figure 3.3 we see a very similar behavior.
The break junction procedure is repeated many times, forming numer-
ous contacts. The tip is indented into the sample until at least a conduc-
tance of 8G0 is reached. Therefore at least 8 atoms contribute to the to-
tal conductance at the smallest point of the wire, indicating the tip has
been pushed into the sample further than necessary to reach single atom
contact. With this procedure we change the geometrical configuration of
both tip and sample for every break junction. This allows averaging over
many different geometrical configurations, causing the statistically most
likely configurations to show up as peaks in the conductance histogram
(see Section 3.1).
In Figure 3.6 we present our histogram obtained by breaking a gold
atomic wire approximately 2000 times. As expected there are large peaks
close to integer values of G0, just as in Figure 3.3. However between these
peaks the minima are not as close to zero compared to the minima in Fig-
ure 3.3. This is probably due to the fact that we are measuring at room
temperature instead of 4.2K. Also the gold on mica samples used for these
break junctions were part of a new batch that do not react to flame anneal-
ing very well, making it hard to clean them properly (see Appendix B.1
for sample preparation). The gold on mica samples used in Chapter 2 did
not exhibit the same problems.
Also most peaks are not located at exact integer values of G0. This
2Piezo creep is the change in polarization of the piezo elements over time when the
voltage on the piezo’s is unchanged, which results in slow movement of the piezo’s.
Over time this effect diminishes. This effect is mostly bothersome at room temperature
and decreases at low temperatures.
3See Section 3.3 for an explanation of why the plateaus are not exactly at integer G0.
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might indicate that we see shell effects in our histogram. This will be ex-
plored further in the next section.
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Figure 3.6: A conductance histogram showing the most probable configurations
the single atom wire takes during breaking. Most peaks close to values of G0 are
obtained. The bias used for this experiment was 100mV. All features after 8G0 are
artificial.
3.3 The shell effect
We can model the quantum wire obtained when realizing break junctions
following the approach presented in Ref [12]. Suppose the wire is cylindri-
cal and we assume the free electron model, therefore ignoring any electron-
electron interactions. The thermodynamical potential describing this sys-
tem is the grand canonical potential, since this potential takes electron
transfer to the leads into account. Whenever the grand canonical potential
has a local minimum the system is most stable. It is given by the following
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formula:
Ω[R] = −ωV + σsS− γsC +
∫ L
0
dzVshell (3.7)
where V is the volume of the cylinder, S its surface area, C its mean curva-
ture, σs is the surface energy and γs is the curvature energy. These quan-
tities form the geometrical part of the potential and are slowly varying.
Vshell is the oscillating part of the potential. It oscillates as a function of
R and its oscillation frequency is influenced by the two different shell ef-
fects: the electronic and the atomic shell effect. The electronic shell effect
is purely quantum mechanical, while the atomic shell effect is due to the
geometry of the system.
In any quantum mechanical system of particles the available quantum
states usually consist of discrete energy levels. In general these energy
levels are grouped into either degenerate or closely packed levels better
known as shells. In the fermionic systems we consider we obtain a min-
imum in the total energy of the system when all the states in a shell are
occupied. The configurations with the lowest total energy are the most
stable ones4. The electronic shell effect produces peaks in the conductance
histogram since specific configurations of a gold wire are more favorable
due to a minimum in the electronic energy of the system. These effects are
more pronounced in atomic wires with a small radius, due to the fact that
the electronic free energy scales as 1R [13].
The atomic shell effect is related to a geometrical effect: the atomic fill-
ing. Certain configurations of a metallic wire are more stable when they
order in such a way that they minimize the surface energy. In general a
complete atomic layer minimizes the surface energy and therefore stabi-
lizes that configuration. This effect is more pronounced for larger radii
since the surface energy increase is proportional to R[13].
We can distinguish which effect is more prominent in our histogram
by looking at the radius of the wire at its thinnest point. This radius can
be obtained from the following semi-classical formula[12]:
G = G0
[(k f R
2
)2
− k f R
2
+
1
6
]
(3.8)
where k f is the Fermi wave vector and R is the radius of the wire at its
thinnest point.
The peaks in the histogram in Figure 3.6 correspond to the most stable
configurations. If there is a shell effect in this histogram its peaks need to
4The stability of noble gases can also be explained by this, since they contain only fully
filled electronic shells.
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be equidistant as a function of R, the wire radius. In the case of both shell
effects we expect a linear behavior with a change of slope at the transition
between the two types of shell effects. The linear behavior indicates there
is a periodicity in the conductance peaks that show up in the histogram.
In the left graph of Figure 3.7 we see a conductance histogram of a gold
wire obtained with regular break junction experiments in UHV[12]. Here
unlike in our experiment, peaks up to very high conductance values were
obtained. In the inset the number of the peak has been plotted versus the
wires radius. Up to about 4G0 the electronic shell effect is observed. After
that the slope changes and the atomic shell effect is observed.
In the right graph we have plotted the peak number of the histogram
from our experiment (see Figure 3.6) versus the radius of the wire. The
amount of peaks is too low to conclusively state that we see both effects,
however we do see a change in slope and the last few data points indi-
cate that the curve becomes linear. Also, since our experiments have been
done in ambient conditions, it is harder to observe the atomic shell effect.
In ambient environments adsorbates decrease the mobility of the atoms
and therefore also their ability to reconfigure into their optimal configu-
ration. Nevertheless it is remarkable to observe this evidence for shell
effects, even under ambient conditions.
Figure 3.7: Left: figure adapted from Ref [12]. The plot shows a conductance
histogram of gold obtained by performing regular break junctions in UHV. The
inset shows the peak index versus the radius of the wire. The change in slope
indicates a crossover from electronic shell effect to atomic shell effect. Right: peak
index versus radius of the wire of the data displayed in Figure 3.6. The linear fits
indicate two separate linear behaviors. The too small number of peaks makes it
impossible to conclusively state a crossover from electronic shell effect to atomic
shell effect.
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3.4 The OPE-3 molecule
As mentioned in Chapter 1 our goal is to measure the electrical proper-
ties of single molecules, by imaging them with the STM and after that by
contacting them for electrical measurements.
The molecule we have selected for testing purposes is OPE-3 (oligo(phenylene-
ethynylene)dithiol), which is depicted in Figure 3.8. This molecule consists
of three benzene rings which are connected in series by two triple carbon
bonds. At both ends the molecule features a single sulfur atom. These
sulfur atoms are used as anchoring groups, to anchor the molecule onto
the gold substrate of the sample. This is possible because of the relatively
strong Au-S bond. The molecule is approximately 2.02nm long[14] and
has a conductance of about 1.7 ∗ 10−4G0[15].
Figure 3.8: The OPE-3 molecule, which consists of three benzene rings connected
by triple carbon bonds. The sulfur atoms at both ends serve as anchoring groups
to the gold.
We would like to refer to Appendix B.2 for the sample preparation.
The result of the preparation is a gold surface with a low coverage of
molecules/molecule clusters.
In figure 3.9 we present our room temperature STM scans of a sample
prior to the molecules being deposited (left) and after molecules have been
deposited (middle & right). The left figure is a typical STM scan of reason-
ably flat gold terraces with a few step edges in between them. When we
look at the images with the molecules we see a clear difference. The flat
terraces and step edges are still visible, but on top of them we see brighter
dots scattered around.
We presume that these dots are small patches of molecules. When a
sample is exposed to molecules for a very long time, the molecules will
form a self-assembled monolayer on the surface of the sample. However,
we deliberately kept the exposure time short (20 seconds to 1 minute) for
these samples, allowing us to distinguish patches covered in molecules
and patches that are not. At room temperature the molecules are mobile
on the surface of the gold, which is why they tend to form clusters on
the sample. These are presumed to be the brighter dots in Figure 3.9. At
cryogenic temperatures the molecules are not mobile.
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To measure the electrical properties of these OPE-3 molecules we per-
formed STM break junctions. The break junction Python routines were not
finished when the sample of which the scans are shown in Figure 3.9 was
produced. Therefore we were unable to use this specific sample for the
break junction experiment. As mentioned in Section 3.2 the newer batches
of samples did not react to flame annealing well, making it hard to clean
the samples prior to molecule deposition. This might be the explanation
for why there was little to no trace of the molecules in the break junction
data. The deposition method relies on a clean gold surface since a sulfur
anchor group of the molecule needs to bind directly to a gold atom.
Figure 3.9: STM scans of a gold on mica sample. Left: 625x625nm2 scan of the
flame annealed sample. Middle: 625x625nm2 scan of the sample after molecule
deposition. Right: 380x380nm2 zoom-in scan of the area highlighted in the mid-
dle scan.
Because of this issue, to increase the chances of trapping a molecule in
the junction we increased the time the samples were exposed to molecules
significantly, up to 12 hours. This most likely resulted in a thick layer of
molecules on the gold surface. Using this sample we obtained the results
presented in Figure 3.10. An increase in counts is observed around 10−4G0,
which implies we are measuring molecules, but the effect is not as obvious
compared to histograms found in literature.
Usually a conductance histogram of break junctions with molecules
has a peak around the conductance value of the molecule, while all the
other conductance values lower than 1 G0 are low. We observe an increase
in counts around the conductance value of the OPE-3 molecule, and his
makes us confident that OPE-3 molecules were successfully contacted and
measured in this experiment. However there is no decrease in counts at
lower conductance values. This indicates we are not only measuring OPE-
3 molecules, but also different molecules with a lower conductance value.
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We think this is due to vulcanization5 of the OPE-3 molecules. This pro-
cess forms chains of OPE-3 molecules and is accelerated when exposed to
oxygen. To prevent vulcanization we deposit the molecules in a full ni-
trogen environment (see Appendix B.2), however lately the oxygen level
in this environment has increased. This might have caused vulcaniza-
tion of the molecules during deposition. The vulcanized molecules have
a lower conductance compared to the conductance of the original OPE-3
molecules. Therefore we suspect the high counts at conductances lower
then 10−4G0 to be due to vulcanized OPE-3 molecules.
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Figure 3.10: A conductance histogram plotted on a logarithmic scale. The indi-
vidual traces were obtained by forming and breaking a single atom wire with pre-
sumably OPE-3 molecules in the junction at a bias of 100mV. We see an increase in
counts around 10−4G0, which indicates we measure OPE-3 molecules, however
the number of counts does not decrease at lower conductance values. We suspect
this is due to vulcanization of the OPE-3 molecules (see text). The narrow spikes
at 0.5 ∗ 10−3G0, 0.5 ∗ 10−2G0 and 0.5 ∗ 10−1G0 are due to the switching to a differ-
ent gain by the current amplifier and are therefore an artifact. Also the large peak
at 10−6G0 is an artifact, since that is the original tunneling condition of the tip.
5Vulcanization is the chemical process in which a sulfur anchor group of one molecule
binds to a sulfur anchor group of another molecules. This process can form chains of
OPE-3 molecules interlinked by sulfur-sulfur bonds.
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Chapter4
Cryogenic experiments
In this chapter we discuss the cryogenic testing of the STM. Also, we
present the results obtained at 4K. Finally we discuss the problems that
arise when cooling the STM down and how to improve on the cooling
down process. These are the first tests done with a newly developed vac-
uum insert. Previously the XY stage was successfully tested in liquid he-
lium (not vacuum) with a capacitive sensor by Ref [16].
4.1 The cryogenic STM
Figure 4.1: The cryogenic insert with (top) and without (bottom) vacuum can.
The bottom part is evacuated through the insert which is directly connected to a
turbo pump unit. Radiation shielding and wire anchoring prevent a direct link to
300K when cooled down.
The STM we use is capable of operation in cryogenic environments1.
To cool down the STM we attach it to a newly designed and constructed
1Even though the piezo elements are not rated to operate at 4K, they have proven to
function at low temperatures during previous tests by Ref [16].
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cryogenic insert, which is designed to achieve high vacuum conditions
(10−6mbar), see Figure 4.1. The STM is firmly screwed to a large massive
copper block, which provides the heat transfer to the STM during cool
down. A PCB is located inside the copper block, which is where the cables
coming out of the STM are plugged into.
Figure 4.2: Zoom-in on the con-
nection of the STM and the cop-
per block shown in Figure 4.1. The
copper coupling piece is directly
connected to an outer copper mass.
The latter is directly submerged
in liquid helium during cryogenic
operation, providing the colling
power to the STM.
Figure 4.3: Photo of the setup for the
first liquid nitrogen test cool down. The
setup is exactly the same for a liquid he-
lium cool down.
A can is slid over the STM and forms a conical seal. Before applica-
tion of the can both sides of the seal are greased with a small amount of
Apiezon N vacuum grease, which will form the vacuum seal at the bot-
tom of the insert. The top of the insert is connected to a tube which is con-
nected to a turbo pump unit to create a high vacuum in the insert. A mild
bake-out is done to remove mostly water from the insert. For the bake-out
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a heating tape is wrapped around the entire insert. The insert is heated
to around 60 to 70◦C periodically. When a pressure around 10−5mbar
in the insert is reached while pumping at room temperature the insert is
slowly lowered into a dewar containing either liquid nitrogen or liquid
helium. There is a cryogenic temperature sensor (Ruthenium Oxide, nom-
inal 2.7kΩ at 300K) located on the STM body, allowing for a temperature
readout of the STM itself. A picture of the setup can be found in Figure 4.3.
When the temperature sensor indicates the STM is at 4K the turbo pump
is turned off. We rely on cryopumping to keep the pressure in the insert
low.
We use the same electronics setup as described in Appendix A.1&A.2.
However the coarse approach routine is changed in comparison to Section
2.1. For the coarse approach at room temperature the amplitude of the
coarse step is relatively low (70V) and the number of coarse steps in be-
tween probing cycles is set to 1. At 4K these numbers need to be increased
to 115V for the amplitude of the step and there are 3 to 10 steps in between
probing cycles. This is because at cryogenic temperatures the piezo ele-
ments only achieve roughly 20% of the displacement they achieve at room
temperature.
4.2 Coarse XY stage movement at 4K
We repeated the procedure described in Section 2.3 to characterize the
movement of the coarse XY stage at cryogenic temperatures. During the
first successful liquid helium cool down the stage did not move in any di-
rection2. Therefore we lowered the force exerted by the coil spring on the
XY stage (see Section 2.2) for the next cool down. The results of the second
successful cool down are depicted in Figure 4.4.
The scans indicate the stage moved when driving the X piezo’s, how-
ever the direction and distance cannot be determined. The stage moves
out of the scan range (200nm) when 10 pulses of 160V are applied. When
fewer pulses or pulses of a lower voltage are applied the stage does not
move. This might suggest that the stage is stuck, which is why a certain
threshold power is required to get it loose. This can be either because of
contamination of the sliding surfaces, or because of reduced force from the
piezo’s due to the cryogenic temperature, or both.
We have not been able to get the XY stage moving at liquid helium
temperatures when driving the Y piezo’s. Both problems originate form
2Which is in contradiction with previous tests done by Ref [16].
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Figure 4.4: STM scans of a gold on mica sample indicating that the coarse XY
stage moves at 4K when high voltage pulses to the X piezo’s are applied. The
area on the left is the starting area. Between the two scans we applied 10 sawtooth
pulses of 160 V with a period of 500µs.
the previously mentioned issues with the set of piezo’s of this stage (see
Section 2.3).
4.3 Improvements during cool down
Cooling down this STM presented a couple of challenges. The major chal-
lenge was maintaining vacuum inside the cryogenic insert when cooling
down to 4K. The insert almost immediately developed a cold leak, a leak
that only occurs when it is fully cooled down to 4K. Before cool down the
pressure inside the insert is around 10−5mbar after pumping and bake-
out. While lowering the insert into liquid helium or nitrogen we keep the
turbo pump attached and running to maintain a low pressure. However
during STM measurements a turbo pump introduces too many vibrations,
therefore we rely on cryopumping to keep the pressure low. The cold leak
has a too large leakrate for the cryopumping to compensate, leading to
an increase in pressure to around 10−2mbar within 5 to 15 minutes. We
attempted to locate the leak, however up till now we have been unsuc-
cessful.
Driving the piezo’s with high voltage in mediocre vacuum is danger-
ous due to the high chances of sparking between the electrodes of the
piezo’s. This phenomenon is explained by Paschen’s law, which Friedrich
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Paschen derived in 1889 [17]:
VB =
Bdp
ln( Adp
ln( 1γ )
)
, A =
σn
kTn
, B = AVi (4.1)
where VB is the breakdown voltage between two electrodes, dp is the prod-
uct of the distance between the electrodes and the pressure, γ is the sec-
ondary electron emission coefficient, σn is the electron-neutral collisional
cross section, k is Boltzmann’s constant, Tn is the temperature and Vi is the
ionization potential[17].
Figure 4.5: General form of a Paschen
curve. No units are given since a
Paschen curve is specific to the volume
and shape of the object it describes.
Paschen’s law is most easily ex-
plained when one considers a vac-
uum chamber with 2 electrodes
placed inside of it. In the cham-
ber no breakdown has occurred
yet. There will always be some free
electrons in the chamber due to ex-
ternal ionization sources3. When
a voltage is applied over the two
electrodes a free electron will accel-
erate towards the anode. It might
collide with a neutral atom pro-
vided the residual gas in the cham-
ber is dense enough. The neutral
atom has become positively ion-
ized and accelerates towards the
cathode. When it collides with the
cathode there is a finite probability
γ that a secondary electron is emit-
ted. This electron can start the cycle again and ionize another neutral
atom. The process becomes self-sustaining when every electron creates,
on average, enough ions so that at least one additional secondary electron
is emitted form the cathode. When the process becomes self-sustaining
breakdown will occur.
Paschen’s law follows the trend plotted in Figure 4.5. To the left of
the minimum (low dp) the electrodes are very close or the residual gas in-
side the chamber is very dilute. Therefore the collisions between electrons
and neutral atoms are not very likely and the breakdown voltage is high.
When dp is increased collisions occur at a higher rate, lowering the break-
down voltage. When collisions are too frequent (high dp) the electrons
3For example one of the sources might be cosmic radiation.
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do not have enough energy to ionize an atom, increasing the breakdown
voltage again.
The minimum breakdown voltage for helium is around 150V[17]. We
drive the piezo’s with a maximum voltage of 200V. To make sure we do
not have plasma formation in the STM when driving the piezo’s with high
voltage in the 10−2mbar range, we increase the pressure in the insert to
atmospheric level. This definitely moves the insert out of the dangerous
range of the minimum breakdown voltage. When the leak is detected the
insert is filled with helium gas4.
The drawback of filling the insert with helium gas is that the gas might
liquefy and change the friction coefficients of the piezo’s (see Section 2.1)
which are important for coarse approach. Due to this we have noticed
very long approach times of several hours. Fixing the leak should be a
high priority.
Another improvement to apply to the setup for vacuum operation could
be to add a heating element to the sample holder. The scans presented in
Figure 4.4 look very blurry due to a considerable amount of contamination
on the sample. When cooling down, even if there is no cold leak, most of
the residual gases inside the insert will condense. If the sample is heated
to a higher temperature compared to the rest of the insert the gases will
not condense onto the sample, keeping the sample’s surface clean.
4See Appendix C for the filling procedure.
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Conclusion
The goal of this project was to test and characterize the newly designed
STM at cryogenic temperatures and use it to contact single organic molecules.
Due to the complications during cool down, mostly the cold leak, we have
been unable to get the STM and all of its features working properly at 4K.
The main conclusions of the cryogenic tests are:
1. The XY coarse stage does not function properly because of the pre-
vious damages to the piezo’s and the fact that the used piezo’s are in
theory not cryogenic compatible.
2. The Z coarse stage works properly.
3. The XY scan functionality of the XY stage works properly. STM im-
ages can be acquired reliably.
4. The cooling-power and thermal isolation from 300K are suited for
operation at 4K for a number of days.
5. Although atomic resolution was never tested in this project, STM
performance is good1, even while the current design does not feature
any spring system for mechanical isolation.
At room temperature both the X and Y directions move when driving
either one of the piezo’s, indicating that the directions are not mechani-
cally separate. This problem was not observed by Ref [8], so it is most
likely due to previous piezo damages. Nevertheless this kind of design is
1We could resolve atomic step eddges on Au(111) and flat terraces without distortion
from mechanical vibrations. Tests with HOPG (Higly Oriented Pyrolytic Graphite) were
done by Ref [8] and atomic resolution was achieved at room temperature.
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susceptible to have the X and Y directions coupled as the two motions are
not physically separated by having two independent stages, one for each
direction.
Using STM break junctions at room temperature we have been able to
measure conductance traces of single atom gold wires. In our histogram
we see traces of both the electronic and atomic shell effect.
We have been able to scan samples presumably covered with patches
of OPE-3 molecules at room temperature. In the histogram we see small
traces of the molecules, however they are not as pronounced as the fea-
tures observed in literature. Most likely this is due to poor cleanliness of
the gold sample before molecule deposition. Cleaner and more controlled
procedures for sample preparation should make molecule deposition reli-
able.
Lastly we would suggest to add a heater to the sample holder during
cool downs to prevent heavy sample contamination due to cryopumping.
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Electronics & equipment
A.1 Break junction electronics
A substantial part of this project has been to implement break junction rou-
tines in Python1 and to integrate them with the STM controller. Here we
describe the electronics used for the break junctions more in detail. In Fig-
ure A.1 an overview of the wiring scheme for all the electronics necessary
to do STM-BJ experiments can be found.
The central part of the setup is the RHK SPM100 probe microscopy
controller. This controller is mainly used for STM imaging and coarse ap-
proach/retract routines. It is also capable of I-V and I-Z routines, but for
better control and flexibility we implement these routines externally.
Figure A.1: Schematic of the electronic circuit used for the break junction experi-
ments.
The controller is able to generate high voltages (±200V) used for the
movement of the piezo’s. The RHK SPM100 (8D) DAC is used for gen-
1Previous routines had all been written in Labview.
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erating low voltage sharp sawtooth-like pulses used for the coarse ap-
proach (see Section 2.1). These will get amplified by the RHK SPM100
and added to the output signal going to the STM. The RHK SPM100 is
also used for applying the bias voltage on the tip or sample. When the
tip has approached the sample, the internal feedback of the RHK SPM100
keeps the tip stable in tunneling condition. During break junctions this
feedback is switched off.
We use a National Instruments DAC (NI PCI 6259) to handle every-
thing related to the break junctions. It is a 16 bits DAC and it has a slew
rate of 20µVs . Normally one uses Labview to program these NI DAC’s,
since both hardware and software are produced by National Instruments.
However, we have opted to use Python 2.7 with the PyDAQmx mod-
ule. This module allows the use of C functions that are predefined in the
NIDAQmx ANSI C driver in Python. For this project, all software has been
written from scratch.
The DAC is used for the generation of sawtooth waves that move the
tip up and down as well as the recording of the tunneling current. The
sawtooth waves are added to the signal generated by the RHK SPM100,
using the internal electronics of the controller.
The tunneling current is usually of the order of about a nano Ampe`re
(in tunneling condition). To be able to measure such a low current we
use a Femto DLPCA-200, which is a low noise current amplifier. It has a
variable gain ranging from 103 to 1011. The gain is switchable by hand or
remotely. The output signal of the Femto is split and sent to both the RHK
SPM100 and the NI DAC.
All the data presented in Chapter 3 was obtained with the setup de-
scribed in this section.
A.2 Coarse XY movement setup
For the coarse XY movement we use a similar setup. The electronic dia-
gram used is depicted in Figure A.2. We us the RHK SPM100 to perform
the coarse approach routine2, just as in Appendix A.1. For the STM-BJ ex-
periments we did not require the XY part, but for scanning we do. The
RHK SPM100 has 4 outputs (X+,X-,Y+,Y-), which allows for the X & Y
piezo’s to be driven differentially. This doubles the voltage range, and
consequently the scan range of the STM.
2During this project we have also used and tested the external coarse approach routine
written in Python by Kevin Baks[18].
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Figure A.2: Schematic of the electronic circuit used for the X and Y coarse move-
ment.
The XY stage is capable of coarse movement if one applies a sharp
sawtooth sequence to the X & Y piezo’s (see Section 2.2). The sawtooth
sequence is, just as for the STM-BJ experiments (Appendix A.1), gener-
ated by the National Instruments DAC. The coarse steps only work with
high voltage pulses, therefore we use a home built high voltage amplifier
(MSM0501) which is capable of voltages up to 180V. We use a splitter to
split the core and shield of both the X & Y cables, making the the core-cable
the signal carrier and the shield-cable the ground.
Lastly the signals of both the RHK and the DAC go to a custom made
and home built low noise high voltage switch box. This box allows the
switching between signals from the RHK and the DAC.
All the coarse movement scans presented in Section 2.3 used this setup.
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AppendixB
Samples & molecules
B.1 The gold samples
The samples we use are epitaxially grown gold Au(111) thin films on a
mica substrate. The thin films have an area of 10x10 mm2 and are nom-
inally about 200 nm thick. The films are flame annealed with a butane
burner before measurements or molecule deposition. During this process
the sample is heated from the back (the mica side) until it takes on a light
orange hue. The sample is kept in this state for about 30 seconds by taking
it out and putting it back in the flame to prevent overheating. This pro-
cedure has proven to produce large atomically flat Au(111) terraces[19].
However, we use it mostly to desorb unwanted adsorbates prior to depo-
sition of molecules.
B.2 Depostion of molecules
During STM break junctions to contact single molecules it is preferable
to get many single molecule junctions. To promote these single molecule
junctions we try to get a low coverage of molecules on the surface of the
gold thin films. We try to achieve this by submerging the sample in a
solution containing a low concentration of molecules for a relatively short
period.
The molecule that we used is Oligo(phenylene-ethynylene)dithiol (OPE-
3), see Figure B.11. The OPE-3 molecule has acetate protection groups
at both ends, preventing vulcanisation (crosslinking of molecules due to
1The molecules are bought from Sigma-Aldrich, product number 718351.
47
48 Samples & molecules
Figure B.1: OPE-3 molecule with acetate protecting groups at both ends to pre-
vent crosslinking.
sulfur-sulfur bond formation). We remove the acetate protection groups
at both ends of the molecule by adding a deprotecting agent. This pro-
cedure produces an OPE-3 molecule with two sulfur atoms at both ends.
Since sulfur binds relatively strongly to gold, this allows the use of sulfur
atoms as molecular anchor groups.
The OPE-3 molecules are dissolved in a solution consisting of triethy-
lamine (Et3N) and tetrahydrofuran (THF) in a 1:5 ratio. The THF is used
as solvent and the Et3N serves as deprotecting agent. After the molecules
have been dissolved we wait for a few minutes, allowing the deprotecting
agent enough time to remove the acetate groups. Then the gold sample is
submerged into the solvent for a time ranging from 20 seconds to multiple
hours over night. When the sample is removed, we let the solvent evapo-
rate. We use THF as solvent because of its high vapor pressure, allowing
it to evaporate quickly off the sample.
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Procedure for filling the cryogenic
insert with helium gas
Since we prefer to keep the sample as clean as possible, we require the
purest helium gas available for filling the cryogenic insert. Therefore we
use the boil off gas from the liquid helium inside the dewar with the insert.
The setup used can be found in Figure C.1.
The starting point for this procedure is when the STM is fully sub-
merged into liquid helium, the external turbo pump is still running and
attached to valve V1 on the insert, valve V2 is closed, valve V3 is open and
valve V4 is not connected to the boil off line from the dewar. Valve V1 is
closed and the turbo pump is turned off. At this point the pressure inside
the insert will start to rise due to the cold leak. The pump is vented and
the tube is disconnected form the insert. The boil off line is closed and
valve V4 (closed) is attached to it1. The other end is attached to the T piece
connecting to valves V2 and V3.
The turbo pump tube is attached to valve V3 (still open) and is started.
This will make sure we create a vacuum on the helium gas line, decreasing
the contamination of other gases. After the turbo has reached its maximal
speed and has pumped for at least 5 minutes valve V3 is closed and the
turbo pump is turned off.
Now valve V4 is opened to fill the line up to valve V2 with helium
gas from the dewar. Valve V2 is slowly opened and filled with helium
gas until the pressure readout indicates atmospheric pressure. Valves V2
and V4 are closed. Valve V4 is removed from the dewar and the boil off
1The standard valve on the dewar is too leaky to pump on, which is why we add a
better valve.
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connection on the dewar is connected to the helium recovery line.
Figure C.1: Helium filling setup.
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